The electronic structure of the metastable layer compound 1T-CrSe2
Introduction
Some of the early transition metal dichalcogenides, viz. VS 2 , CrS 2 and CrSe 2 , do not exist in a stable state. However, they can be obtained as metastable in the Cd(OH) 2 type structure (as the stable compounds TiS 2 , TiSe 2 , VSe 2 , etc) by topotactic oxidation (deintercalation) at ambient temperature of alkali metal intercalates MTX 2 (M = alkali metal). Murphy et al [1] were the first to prepare metastable VS 2 with the Cd(OH) 2 structure (1T-VS 2 ) by the oxidation of LiVS 2 with I 2 dissolved in acetonitrile. Deintercalation of MTX 2 consists of diffusion of the alkali metal ions out of the space between TX 2 sandwiches and reaction at the solid-liquid interface; in some cases (not for LiVS 2 ) this process is accompanied by parallel shifts of the TX 2 sandwiches. Transition to the stable state (T 2 X 3 and X) does not occur at ambient temperature because of the high activation energy for this process.
Why are VS 2 , CrS 2 and CrSe 2 not stable? When going to the right of the periodic table the d levels progressively decrease in energy and may enter the sulphur or selenium p valence band. With sulphur and selenium a maximum oxidation state of four is found for Ti, Zr, Hf. In the case of TiS 2 the empty d band lies slightly above the valence band; TiSe 2 is a semi-metal. When an empty d level lies below the p valence band, the d level will be filled at the expense of the valence band and holes will appear in the top of the valence band, which means that the cations M 4+ are reduced and the anions X 2− are oxidized. At the same time the overlap of the chalcogen p-based bands with the metal d-based bands implies strong covalency of the bonding. The ionic formula M 3+ X − X 2− may approximately describe the products of the internal redox reaction in the metastable compounds VS 2 3 ) the metal atoms are clustered in diamond chains of four-atom clusters [4] . Participation of the d electrons in metal-metal bonding leads to strong metal-metal bonds for the 4d and 5d compounds and to much weaker bonds for the 3d transition metal compounds; e.g. in 1T-VSe 2 (V 3d 1 ) the distortion of the Cd(OH) 2 structure occurs at low temperature (110 K and 80 K) with presumably small displacements of the V atoms [5] . 1T-CrSe 2 shows a remarkable temperature dependence of the unit-cell dimensions and a transition at about 180 K which may be due to clustering of the metal atoms (see below).
1T-CrSe 2 was prepared first by Schwarz [6] by oxidation of KCrSe 2 in H 2 O or diluted acid. Van Bruggen et al [7] prepared 1T-CrSe 2 by oxidation of KCrSe 2 in an oxygen and water free solution of iodine in acetonitrile. KCrSe 2 has the NaCrSe 2 structure, a = 3.80Å, c = 21.19Å, space group R3m [8] ; deintercalation is accompanied by parallel shifts of the CrSe 2 sandwiches and stacking faults may therefore be present. 1T-CrSe 2 has the Cd(OH) 2 structure, a = 3.399Å, c = 5.911Å at 300 K, space group P3m1 (from powder) [7] . Unit-cell dimensions ranging from 3.38 to 3.41Å for the a axis and 5.89 to 5.92Å for c were found by Schwarz [6] for different experimental conditions (obtained as such and heated in vacuum). The thermal behaviour was investigated by van Bruggen et al [7] . X-ray powder diffraction showed that on heating the compound irreversibly transforms at about 625 K (DTA) into Cr 2 Se 3 and Se. In the temperature range 180-625 K the thermal expansion is negative for the c axis and strongly positive for the a axis; c decreases from 5.95Å at 180 K to 5.85Å at 550 K. The c/a ratio is 1.74 at 300 K and 1.76 at 180 K. At about 180 K a reversible transition takes place with a decrease of 1% in c and a small increase in a; the cell volume decreases therefore by about 1%. Small thermal effects of this reversible transition were noticed at 164 and 186 K using DTA. Below 180 K some weak extra reflections are present in the powder pattern; however, these could not be indexed on the basis of a simple (e.g. a √ 3 × a √ 3) supercell. The origin of the negative thermal expansion of the c parameter and the transition at 180 K is not clear. Van Bruggen et al [7] suggest a random clustering of the metal atoms, increasing in the range 550-180 K. This clustering would cause a buckling of the sandwiches and an increase of the c from 500 to 180 K; long-range order of the clustering was assumed to occur below 180 K.
The electronic structure of 1T-CrSe 2 has been calculated by Myron [9] using a semiempirical method in which the exchange potential was adjustable. Yoshida and Motizuki [10] obtained the band structure of 1T-CrSe 2 by simply using the band structure of TiSe 2 and taking into account only the different number of 3d electrons. In both calculations spin polarization was not included, and the calculations were semi-empirical and not selfconsistent. An ab initio band structure calculation of 1T-VSe 2 and the effect of the change in the c/a ratio at constant a and the sandwich height parameter z (coordinate of Se) was published by Zunger and Freeman [11] .
In this paper we report ab initio band structure calculations of 1T-CrSe 2 with and without magnetic spin arrangements using the LSW method. The results are compared with similar calculations for 1T-VSe 2 and with the previous calculations for 1T-TiSe 2 , 1T-VSe 2 and 1T-CrSe 2 .
Band structure calculations
Ab initio band structure calculations were performed with the localized spherical wave (LSW) [12] method using a scalar-relativistic Hamiltonian. We used local-density exchangecorrelation potentials [13] inside space-filling, and therefore overlapping, Wigner-Seitz spheres around the atomic constituents. The self-consistent calculations were carried out including all core electrons. The unit-cell dimensions of CrSe 2 were those at 300 K found by van Bruggen et al [7] and given in table 1; the z parameter of Se was given the value 0.25. An empty sphere was put at the octahedral site in the van der Waals gap (0, 0, 0.5). Similar calculations were performed for 1T-VSe 2 . Unit-cell dimensions and the z parameter of Se were those from [7, 14] (table 1) . Iterations were performed with k points distributed uniformly in the irreducible part of the first Brillouin zone (BZ), corresponding to a volume of the BZ per k point of the order of 5 × 10 −5Å−3 . Self-consistently was assumed when the changes in the local partial charges in each atomic sphere decreased to the order of 10 −5 .
In the construction of the LSW basis [12, 15] , the spherical waves were augmented by solutions of the scalar-relativistic radial equations indicated by the atomic-like symbols 4s, 4p and 3d corresponding to the valence levels of the parent elements V, Cr and Se. The internal l summation used to augment a Hankel function at surrounding atoms was extended to l = 3, resulting in the use of 4f orbitals for V, Cr and Se. When the crystal is not very densely packed, as is the case of the layered compounds CrSe 2 and VSe 2 , it is necessary to include empty spheres in the calculations. The functions 1s and 2p, and 3d as an extension were used for the empty spheres.
Electronic structure of CrSe 2 and VSe 2
The electronic structure of CrSe 2 was calculated with and without spin polarization. From table 2, which lists the input parameters and calculation results (electronic configuration, variational energy and magnetic moment per Cr) it is seen that the variational energy is lower for the ferromagnetic than for the non-magnetic state by 0.29 eV per mol CrSe 2 . This indicates that CrSe 2 is a magnetic compound with local magnetic moments at the Cr atoms. Calculations performed for different magnetic ordering show that an intralayer antiferromagnetic and interlayer antiferromagnetic coupling type of ordering has the lowest energy (about 40 meV lower than the ferromagnetic state). This antiferromagnetic ordering is described in an a×a √ 3×2c unit cell. Cr moments at (0, 0, 0) and ( , 0) as well as those at (0, 0, 1 2 ) and (
) are in opposite directions. Cr moments at (0, 0, 0) and (0, 0, 1 2 ) are in opposite directions. Other more complicated antiferromagnetic structures are discussed in section 5. The influence of the magnetic ordering on the electronic structure, i.e. on the density of states and the dispersion of the energy bands, is small. We therefore only report the electronic structure of the ferromagnetic CrSe 2 . The total electronic configuration (spin up + spin down) was found to be the same for the magnetic and the non-magnetic state. The magnetic moments in the ferromagnetic state are Cr = +2.44 µ B , Se = −0.15 µ B (mainly in 4p), V a = 0 µ B . The moment on Cr consists of 3.28 µ B in spin-up and 0.84 µ B in spin-down electrons. The total number of 3d electrons on Cr is 4.12, far from 2 as expected for Cr(IV) 3d 2 . The charges on the atoms and vacancy are Cr = +1.39, Se = −0.52 and V a = −0.35. Not too much attention should be paid to these charges since they depend on the choice of the Wigner-Seitz radii. Calculations with and without spin polarization were performed for 1T-CrSe 2 for slightly different unit-cell parameters, e.g. with the same a, but c increased by 3%; with the same c, but a increased by 3%; with the same a and c, but with z = 0.24 or z = 0.26. The calculations show small changes of the electronic structure, but in all cases the ferromagnetic state is more stable than the non-magnetic state.
The Brillouin zone (BZ) of 1T-CrSe 2 is shown in figure 1 , the density of states (DOS) of ferromagnetic CrSe 2 in figure 2. The energy bands are shown in figure 3(a) for spin-up and in figure 3b for spin-down states. Table 3 lists the eigenvectors, symmetry and the dominant orbital character at in the BZ.
The two Se 4s states (valence band 2, VB2) are clearly separated from the valence band (VB1), consisting of Se 4p states, by a gap of about 6.5 eV for both spin-up and spin-down The Se 4p z band (1 + ) for spin-up electrons is slightly lower than for spin-down because it is pushed down by the stronger hybridization with Cr 3d z 2 ; Cr 3d z 2 (1 + ) for spin-up electrons is closer in energy so that the hybridization is larger. The splitting of the Se 4p z bands (1 + and 2 − ) is large: 6.29 eV for spin-up and 5.99 eV for spin-down electrons at ; they show also a large and different dispersion along the -A direction. The splitting of Se 4p z at is due to the inter-and intra-layer interactions. The energies of the Se 4p z states which are bonding ( interactions are E( The antibonding Se 4p x , 4p y (3 − ) bands are nearly the same for spin up and spin down, indicating only a slight hybridization with Cr 3d xz , 3d yz , 3d xy , 3d x 2 −y 2 . For the bonding Se 4p x , 4p y (3 + ) bands there is a large difference for spin up and spin down due to a large hybridization with Cr 3d xz , 3d yz , 3d xy , 3d x 2 −y 2 orbitals for spin-up states.
The highest two Cr 3d bands (3 + , mainly 3d xz , 3d yz , 3d xy , 3d x 2 −y 2 ), corresponding to e g in an octahedron are nearly separated from the other bands and completely unoccupied for spin-up and spin-down states.
The lower three Cr 3d bands (corresponding to t 2g in an octahedron) are unoccupied for spin-down and partly occupied for spin-up states. According to table 2 and figure 3 there are also 0.84 Cr 3d spin-down electrons at energies about 2.5 eV below the Fermi energy E F because of the mixing of Se 4p x , 4p y with Cr 3d xz , 3d yz , 3d xy , 3d x 2 −y 2 .
The antibonding Se 4p x , 4p y band is above E F at (3 − ) for spin-up and spin-down electrons. The same is the case for the Se 4p z band (2 − at ). This leads to hole pockets around for spin-up and spin-down states. Holes in the Se 4p band correspond to a reduction of Cr. The formal valence of Cr is lower than Cr(IV); it is more like high-spin Cr(III) or Cr(II), as was also deduced from the total number of 3d electrons on Cr (table 2) .
The Fermi surfaces are rather complex as shown in figures 4(a) and 4(b). The Fermi surface for spin-up electrons consists of (1) an ellipsoid around (the charge carriers for this part of the Fermi surface are holes) and (2, 3) two cylinder-like sheets along -A (the charge carriers of these sheets are electrons). The Fermi surface for spin-down electrons consists of (4) an ellipsoid around (the charge carriers for this sheet are holes) and (5, 6) two cylinder-like sheets along -A. The charge carriers (electrons or holes) are in all cases of mixed Cr (3d)-Se (4p) character.
The presence of holes in Se 4p z bands leads to a net covalent intralayer and interlayer bonding between Se atoms, i.e. also bonding across the van der Waals gap. The holes in the Se 4p x , 4p y bands cause covalent intralayer bonding between Se atoms.
Band structure calculations for VSe 2 (input parameters and results are given in table 4) for the magnetic and non-magnetic states show a lower energy for the magnetic state; however, the energy difference is only 0.005 eV, and not significant (compare with CrSe 2 where the energy difference between magnetic and non-magnetic states was 0.29 eV). The magnetic moment on V in the (ferro) magnetic state is 0.42 µ B . In order to facilitate comparison of CrSe 2 and VSe 2 the dispersion curves of the non-magnetic calculations are given in figures 5 and 6. The calculations of VSe 2 in general agree with those presented by Zunger and Freeman [11] , not with those by Myron [9] with respect to the overlap of the metal d-and Se 4p-based bands. 
Comparison of the band structures of TiSe 2 , VSe 2 and CrSe 2
In order to understand the trends for the early transition metal diselenides [11, 17] . For TiSe 2 and VSe 2 our calculations are in general agreement with those by Zunger and Freeman. However, these are some differences. The T nd/X np gaps at the high-symmetry points ( , M, L) are smaller (or more negative) in our calculations. In the calculations by Zunger and Freeman only a small number (24) of k points was used to obtain the self-consistent potential, and it is well known that this may lead to appreciable quantitative errors in the calculated energies of the bands, especially near the Fermi level and at the high-symmetry points. The general pattern of the bands in VSe 2 is qualitatively similar to that previously obtained by us for 1T-TiSe 2 [18] (table 5) . There are important differences between the 
electronic structures of TiSe 2 , VSe 2 and CrSe 2 , due to the different ionicity and the different c/a ratios [11] . The band structure of non-magnetic CrSe 2 is approximately the average of the bands for the spin-up and spin-down electrons of the ferromagnetic state. The band width of VB1 for CrSe 2 (6.7 eV) and VSe 2 (6.9 eV) is larger than for TiSe 2 (5.7 eV), due to the short interatomic distances in CrSe 2 and VSe 2 (table 1). The ionicity decreases from TiSe 2 to VSe 2 to CrSe 2 , which causes the increase of the p-d overlap (table 5) . However, the bands show some non-systematical behaviour, because of the large c/a ratio for VSe 2 (table 1). A significant difference between the electronic structures of these compounds is that CrSe 2 is a magnetic metal and the others are essentially non-magnetic.
Electronic structure of CrSe 2 and the physical properties
The magnetic susceptibility χ of CrSe 2 between 50 and 500 K is about 2×10 −3 cm 3 mol −1 , and shows only a weak dependence on temperature. The weak temperature dependence indicates that CrSe 2 is antiferromagnetic, and not ferromagnetic or ferrimagnetic. The magnetic susceptibility of CrSe 2 shows at low temperature a paramagnetic tail, presumably due to a magnetic impurity. Van Bruggen et al [7] suggested that this paramagnetic tail is due to the presence of 1.7 mol% K 0.5 CrSe 2 and a paramagnetic contribution from about 2.5 mol% Cr 4+ (3d 2 ) with spin-orbit coupling, due to self-intercalation of CrSe 2 (Frenkeltype disorder). K 0.5 CrSe 2 is antiferromagnetic below 68 K [7] . Below 180 K χ shows two anomalies associated with a phase transition. At high temperature (above 600 K) one observes in χ the effects of the decomposition of CrSe 2 into Cr 2 Se 3 + Se.
With regard to the type of magnetic order of the local magnetic moments on Cr in CrSe 2 , we remark that the Cr-Cr distance in CrSe 2 is very short, i.e. 3.399Å. The short distances in CrSe 2 are (in part) due to the covalent Se-Se bonds, as a result of the presence of holes in the Se (4p) bands. The intralayer exchange interaction J 1 between nearest-neighbour Cr atoms consists of a direct antiferromagnetic interaction J 1 and a ferromagnetic 90
• superexchange interaction J 1 . The exchange interaction J 2 between Cr atoms in different layers is expected to be weak and antiferromagnetic. The direct interaction J 1 depends strongly on the Cr-Cr distances: it is large for short Cr-Cr distances. These considerations explain that for compounds with short Cr-Cr distances, the paramagnetic Curie temperature θ is negative, and that for long Cr-Cr distances θ is positive. For example, in LiCrS 2 the Cr-Cr distance is 3.464Å and θ = −276 K [19, 20] , and for NaCrSe 2 [22] and KCrSe 2 [8] the Cr-Cr distances are 3.73Å and 3.80Å, and θ = +108 and +250 K, respectively. LiCrS 2 with a layer stacking as CrSe 2 adopts the 120
• spin structure; neighbouring layers are coupled antiferromagnetically [20] . More complicated (helical) antiferromagnetic ordering is observed in NaCrSe 2 and AgCrSe 2 [22] . Figure 7 also shows the relationship between θ and the Cr-Cr distances for ACrX 2 compounds (A = Li, Na, K, Ag, Cu; X = S, Se) [8, [19] [20] [21] [22] . Because of the very short Cr-Cr distance in CrSe 2 , we expect strong antiferromagnetic intralayer exchange interactions with θ −300 K. As a consequence the magnetic structure will consist of antiferromagnetic layers. For a magnetic structure with ferromagnetic layers with a weak antiferromagnetic coupling between the layers, one would expect a very strong temperature dependence of χ, like that observed for KCrSe 2 [8] .
Magnetic susceptibility data [23] for VSe 2 show a temperature independent magnetic susceptibility of χ = 3 × 10 −4 cm 3 mol −1 (except for a small increase of χ at low temperature, presumably due to paramagnetic impurities). The susceptibility data show that VSe 2 is a non-magnetic compound, without local magnetic moments at V, which is consistent with our band structure calculations.
The small calculated energy difference between the magnetic and non-magnetic states of VSe 2 indicates that it costs very little energy to induce a magnetic moment at the V atoms. This is consistent with the fact that the observed paramagnetic susceptibility of VSe 2 is very large, i.e. there is a large exchange enhancement of the Pauli paramagnetic susceptibility.
Electrical transport (resistivity, Hall effect and thermopower) and magnetic properties were measured by van Bruggen et al [7] , on powder compacts of CrSe 2 . The resistivity ρ is 2 × 10 −5 m at 300 K and increases to 13 × 10 −5 m at 4 K. The transition at 180 K is hardly visible. The Hall coefficient R H is positive between 300 and 40 K, with a maximum at about 100 K, and becomes negative below 40 K. At 300 K R H would correspond to 0.5 hole/Cr in a one-carrier model. The thermopower α is positive. A steep rise occurs from 4 to 100 K (α = +23 µV K −1 at 100 K) and a decrease in the range 100-300 K with a dip at 180 K; at 300 K α = 10 µV K −1 . The different sign of the Hall effect and the thermopower at low temperature, and the change of sign of the Hall coefficient with temperature, show that there is mixed electrical conduction in CrSe 2 , i.e. by electrons and holes. This is consistent with the calculated Fermi surface (figure 4). 
Conclusions
Ab initio LSW spin-polarized and non-polarized band structures are calculated for CrSe 2 and VSe 2 . VSe 2 is non-magnetic while CrSe 2 is magnetic; the magnetic moment is about 2.4 µ B /Cr ion. The valence and conduction bands are formed by the Se 4p and Cr 3d (V 3d) states; the overlap is stronger for the Cr compound. The band structure for the two spin directions of CrSe 2 is quite different near the Fermi level. The calculated Fermi surface shows the presence of holes in the Se (4p) bands, and both electrons and holes in the Cr (3d) bands.
